measurements of water flux with seepage meters; heat tracer methods, which are based on the inherent difference in temperature between groundwater and surface water; methods based the application of Darcy's law, such as piezometer nests for calculating hydraulic gradients and slug or permeameter tests to estimate the hydraulic conductivity; and mass balance approaches such as hydrograph separation and measuring increments in streamflow and hydrograph separation based on isotope or tracer end methods. Most of these measurements are expensive and time consuming because most hydrological and geohydrological processes are dynamic in nature with strong spatiotemporal variation (Sivapalan, 2003) and are often subject to threshold response mechanisms. There is therefore a need for characterization of these interactions using readily available data, especially in ungauged areas with limited hydrological measurements. Conceptualization of groundwater-surface water interactions should be a first step toward quantification, modeling, and characterization. In this study we explored how readily available soil information can be used to conceptualize groundwater-surface water interactions.
Soil properties are (at least in the short term) not dynamic in nature, and their spatial variation is not random (Webster, 2000) . Due to the ability of soil to transmit, store, and react with water, water can be a first-order control in the partitioning of vertical and lateral flow paths and residence times. Water is also a primary agent in the genesis of most soil properties, which contain unique signatures of the way they were formed. This interactive relationship between soil and water is the foundation of the emerging interdisciplinary field of hydropedology (Lin et al., 2015; Ma et al., 2017) .
In the past, soils were mainly described, classified, and mapped by pedologists for land-use planning and evaluation purposes (mostly agricultural). Hydrologists agree that the spatial variation of soil properties significantly influences hydrological processes (Chirico et al., 2007; Lilly et al., 1998) , but they often lack the skill to gather and interpret soil information for application in hydrological studies (Terribile et al., 2011) . Nevertheless, the correct interpretation of soil properties and their spatial distribution can serve as an indicator of dominant hydrological processes (e.g., Ticehurst et al., 2007; van Tol et al., 2010) . Ebrahim and Villholth (2016) studied the shallow groundwater availability in 21 perennial and relatively undisturbed catchments with long-term streamflow records in South Africa in distinct climate zones. The overall aim of their study was to assess, develop, and test a method to determine the allocatable groundwater from streamflow recession curves. As part of their study, they explored relationships between catchment attributes (e.g., area, river length, and average slope) and attributes indicative of groundwater-surface water interactions. The only soil attribute mentioned in Ebrahim and Villholth (2016) was the average sand content. Here we argue that soils and their spatial distribution might be used to improve the understanding and characterization of groundwater-surface water interaction. The objectives of this study were (i) to explore relationships between soils and their spatial distribution and catchment attributes indicative of groundwater-surface water interactions and (ii) to conceptualize groundwater-surface water interactions in the selected study areas based on the dominant soil types and their spatial distribution.
Materials and Methods

Catchment and Streamflow Attributes
The 21 catchments studied by Ebrahim and Villholth (2016) reexamined in this study are listed in Table 1 and are shown in Fig.  1 . Hydrologic attributes of the catchments were determined from long-term measured streamflow records by Ebrahim and Villholth (2016) . In this study only the following three attributes were used: the drainage time scale (DT), baseflow index (BFI), and a measure of hydrological variability (CVB). The drainage timescale is normally presented as K, but, to avoid confusion with same symbol used for hydraulic conductivity in vadose zone studies, we opted to use DT, which is defined as (Brutsaert, 2008) 
where n is the drainable porosity, D d is the drainage density [L −2 ] (in km 2 ), and T e is the effective hydraulic transmissivity [L 2 T −1 ] (in km 2 d −1 ), which is equivalent to the product of the hydraulic conductivity and the aquifer depth. In simple terms, DT describes the characteristic timescale of how a catchment drains (in days) after periods without precipitation. It is also referred to as the "storage coefficient" and reflects the storage capacity of the upstream water-bearing geological formation (Brutsaert, 2008) . High DT values therefore indicate great storage capacity with long recession curves. The BFI for each catchment was determined following the approach of Hughes and Hannart (2003) . The BFI is the ratio of baseflow to the total streamflow. It ranges from 0 in ephemeral streams to >0.95 in catchments with large storage capacities and near-constant flow regimes (Ebrahim and Villholth, 2016) .
The CV index is the long-term coefficient of variation of the wet and dry season and is calculated using the mean coefficient of variation in streamflow during the three wettest months and the three driest months. The CVB is the ratio between the coefficient of variation and the long-term BFI and represents the overall variation in baseflow (Hughes and Hannart, 2003) :
Details on how the relevant attributes were determined were provided by Ebrahim and Villholth (2016) . Annual rainfall for each catchment was obtained from Lynch and Schulze (2007) .
Soil Information
In this study, soil information was obtained from the Land Type database of South Africa (Land Type Survey Staff, 1972 . A land type is an area, demarcated at a scale of 1:250,000, with relatively homogenous soil-forming factors (i.e., climate, parent material, time, and topography), resulting in fairly homogenous soil distribution patterns (Fig. 2) . The soil classification used in the Land Type database made use of two levels: "soil forms" as the upper level and "soil series" as a more specific level (MacVicar et al., 1997) . A soil form comprises a specific vertical sequence of diagnostic horizons. In this study, only the soil forms were considered.
Each land type is accompanied by an inventory as depicted in Fig.  2 . The inventory depicts the name (Fig. 2 (Fig. 1) .
Each soil form recorded in the land type inventory is defined by a unique vertical sequence of diagnostic horizons. A horizon is a unit with relatively homogenous morphological properties (e.g., structure, color, and redoximorphic features). These morphological properties were interpreted and related to their hydropedological significance. The assumption was that the soil morphology is reflective of the current water regimes and not relict features. The 38 soil forms were then regrouped into four hydrological classes based on their expected hydropedological response, as indicated by the soil morphology (following the classification of van Tol et al., 2013) . These hydropedological classes were (i) Recharge soils, (ii) Interflow soils, (iii) Responsive (shallow), and (iv) Responsive (wet). 
Recharge Soils
Recharge soils have no morphological evidence of saturation. Vertical flow into, through, and out of the profile is dominant. These soils are either shallow on fractured rock or deep and freely drained. Recharge of groundwater and fractured rock aquifers are expected to be the dominant flow paths (Fig. 2 , Box 5; the soils shaded in green are all Recharge soils).
Interflow Soils
In this study, we differentiated between two types of interflow soils. In duplex soils, the textural discontinuity between A and B horizons promotes ponding of drainable water on the A/B horizon interface. In the second type, soils overlying impermeable bedrock are often associated with redoximorphic properties, indicating that ponding of water occurs on the soil-bedrock interface. Depending on the slope, lateral drainage can dominate on the soil-bedrock interface (Fig. 2 , Box 5; soil forms shaded in yellow in are all interflow soils).
Responsive (Shallow)
Responsive (shallow) soils are typically shallow soils overlying lowpermeability bedrock with limited storage capacity. These soils tend to generate overland flow and contribute to rapid responses or quick flow of streams due to infiltration excess (Fig. 2 , Box 5; soil forms shaded in red in are all shallow responsive soils). Significant infiltration excess could also be generated due to crusting or surface sealing.
Responsive (Wet)
Responsive (wet) soils contain morphological evidence of long periods of saturation (gleyzation), typical of wetland soils. Overland flow or near-surface macropore flow are the dominant flow paths that are generated due to saturation excess (Fig. 2 , Box 5; the Katspruit soil form, shaded in blue, is an example of a wet responsive soil).
To determine a grouped hydropedological soil class distribution for each catchment, it was necessary to determine the percentage of a catchment covered by specific land types. This was manually done in ArcMap 10.4 (ESRI, 2011). The relative coverage of different TMUs in specific land types was obtained from the land type inventory (Fig. 2, Box 3) . The coverage by different hydropedological soil classes on each TMU was then manually calculated for each land type. Using land type Ad20 as an example (Fig. 2) , the TMU1 position is covered by 90% Responsive (shallow) soils (i.e., 40% rock + 30% Ms + 20% Gs) and 10% Recharge soils. The TMU5 position is covered by 36% Recharge soils ( (Fig. 2 , Box 5; shaded in blue). The remainder (10%) of this landscape position is covered by streambeds or stream channels. The TMU5 position covers only 15% of land type Ad20, and land type Ad20 covers only 24.4% of the catchment draining at station A4H008 (Table 3 ). The percentage coverage of a specific land type in a catchment together with the p. 7 of 13 Table 3 . Dominant land types and associated distribution of hydrological soil types in the selected catchments p. 8 of 13
relative coverage of different TMUs in a land type was used to derive an average weighting factor for each TMU in a given land type. This weighting factor was multiplied with the relative coverage of hydropedological soil classes on each TMU and summed to obtain an average hydrological soil class distribution sequence for each of the 21 catchments. The weighted average clay content (Fig.  2 , Box 9) and soil depth (Fig. 2 , Box 2) for each catchment were obtained using the same method.
The dominant and subdominant soil forms in the valley bottom (TMU5) were noted and hydropedologically interpreted based on the morphological properties associated with the soil form.
A The total coverage of different hydropedological soil classes per catchment, the coverage on different TMUs, average soil depth, and average clay contents were statistically compared with the hydrological parameters based on streamflow observations (DT, BFI, and CVB), catchment area, and rainfall. Because not all attributes approached normality, we used Spearman correlations to determine the statistical relationships with presentation of selected regression analysis. Addinsoft XLStat v. 17 was used for all statistical analysis.
Results
Average soil depth in the catchments ranged between 376 and 744 mm (Table 3 ). The shallower soils were generally found in the southern catchments (Fig. 1c ) and were associated with soils of quartzitic sandstone of the Table Mountain Group (Land Type  Survey Staff, 1972 Staff, -2006 . The influence of the parent material is also visible in the low average clay contents of these soils, which ranged between 6 and 10.2% for the 10 catchments in Fig. 1c . The average clay content of the remaining 11 catchments ranged between 11.9 and 35.6%. The low clay contents of catchments A4H008 and B1H004 were associated with sandstone parent material of the Ecca Group. Higher clay contents, especially those of the catchments in the eastern part of South Africa (Fig. 1d ), were associated with dolerite and parent material rich in mudstone and shales.
Recharge soils dominated the upper slopes (TMU1-TMU3) in most of the catchments. In the southern catchments (Fig. 1c) , Interflow soils and Responsive (shallow) soils were the dominant hydrological soil types. The TMU5 positions occupy small areas of the catchments; however, the percentage covered by Responsive (wet) soils was considerably greater in the catchments in the eastern part of the country (Fig. 1d ) when compared with that of the southern (Fig. 1c ) and northern parts (Fig. 1b) .
A wide range of soil forms occurs in the valley bottom of the catchments (Table 3 ; Fig. 2 ). Responsive wet Katspruit soils (Gleysols) dominate the TMU5 positions in catchments A4H008 and B1H004 in the northern part of South Africa ( Fig. 1d ; Table 3 ). These were also the catchments with the relatively low clay contents. The TMU5 positions in the remaining three catchments of the northern cluster are dominated by freely drained Recharge soils of the Oakleaf (Cambisols) and Hutton (Ferralsols) forms. The majority of the TMU5 positions of catchments in the southern cluster (Fig. 1c) are occupied by Interflow soils of the Longlands (albic-Plinthosols) and Kroonstad (Stagnosols) forms. Freely drained Oakleaf (Cambisols) covers the valley bottom in K5H002 ( Fig. 1c ; Table  3 ). The TMU5 positions of the majority of catchments in the eastern part of South Africa (Fig. 1d) There were no statistically significant correlations between the catchment area (Fig. 2a) or the mean annual rainfall (Fig. 2b) and any of the streamflow attributes.
Discussion
The strong positive correlation between BFI and K indicates that high DT values (indicated by a long recession response) result in higher baseflow (Ebrahim and Villholth, 2016) . The inverse correlation between BFI and CVB (explained by Eq.
[2]) suggests that catchments with higher variation in streamflow are typically associated with lower baseflow. These catchments typically have flashy responses with limited storage capacity to generate streamflow without recent precipitation.
There is a lack of any significant correlation between catchment area (Fig.  3a) , or rainfall ( Fig. 3b) and indices of groundwater-surface water interactions. Similar results were reported by McGuire et al. (2005) , which indicates that internal catchment properties (such as soil depth and slope lengths) greatly affect catchment functioning.
A positive correlation between soil depth and BFI and DT indicates that deeper soils promote recharge and baseflow (Fig. 3c) and can act as a slow release of water to streams in periods without rainfall. In highrainfall areas, the storage capacity of shallow soils can be exceeded shortly after the start of rain events, thereby promoting the generation of overland flow due to saturation excess (van Tol et al., 2010) . Similar results were reported by Asano et al. (2002) and Uchida et al. (2006) ; both of these studies were conducted with paired catchments in Japan. The difference in soil depth between the catchments was a dominant factor influencing bedrock flow and residence times of water as well as variations in stream flow. Deeper soils are associated with increased constant baseflow.
The correlation between texture and BFI was also reported by Ebrahim and Villholth (2016) . However, they Table 4 . Spearman correlation matrix coefficients between selected catchment and streamflow attributes and hydrological soil type distribution compare the sand content, obtained from a global soil dataset, with the BFI and obtained a significant negative Pearson correlation of −0.68. Santhi et al. (2008) , in contrast, found positive correlations between the sand content and baseflow and recharge in several catchments in the United States. This discrepancy highlights the important contribution of hydropedology to the holistic understanding of the hydrological functioning of soils, hillslopes, and catchments. Although a positive relationship between sand content and hydraulic conductivity has been well documented, this small-scale physical relationship does not imply that soils are freely drained. Small-scale theories are not always applicable at landscape scale (McDonnell et al., 2007) , and catchments are not simply a compilation of soil core samples. In our case, based on Table  3 , the catchments dominated by sandy soils are also those with the highest percentage of Interflow soils, especially in the upper slopes (TMU1-TMU3). The sandy surface materials promote infiltration, but the sandstone bedrock acts as an aquitard and promotes lateral flow at the soil-bedrock interface.
The very high negative correlation (−0.86) between BFI and the percentage of Interflow soils on the TMU1-TMU3 positions suggests that lateral flow in these catchments restricts deep percolation to the fractured rock or regional aquifer and hence restricts baseflow (Fig. 3e) . In addition, lateral flows in the relatively shallow soils provide water for root uptake and evapotranspiration, and the total volume of water available to streamflow is thereby reduced. The positive correlation between CVB and Interflow soils suggests that lateral flows are typically event driven with a high degree of temporal variation; this is supported by the negative correlation between Interflow soils and DT values. The negative correlation between the percentages of the area under Recharge soils and CVB indicates that soils facilitating deep drainage are related to more constant stream flow. High positive correlations between the total area covered by Recharge soils and BFI (0.81) and DT (0.83) further support the previous statement (Fig. 3d) .
Recharge soils promote replenishing of bedrock flow paths and groundwater stores. Flow through the bedrock is normally associated with longer residence times (McGuire and McDonnell, 2006) and can generate streamflow long after precipitation events. More recharge to fractured rock aquifers and bedrock flow paths therefore imply a higher fraction of baseflow (higher BFI) compared with quick flow, longer periods of baseflow (higher DT), and more stable baseflow (seasonally driven) with lower temporal variation (lower CVB).
The morphological properties of the soil forms in the valley bottom positions reveal the nature of groundwater-surface water interactions. Streambanks of catchments with high BFI and DT values and low CVB values are mostly covered by soils expressing morphological properties associated with long periods of saturation in the valley bottom positions (Fig. 3f ). This is supported by the significant positive correlation between the coverage of Responsive (wet) soils on the valley bottoms and the DT value as well as the negative correlation between CVB and the coverage of Responsive (wet) soils on the TMU5 position. The highly positive correlation of BFI and the highly negative correlation of CVB with Katspruit soils (Gleysols) are expected because these soils are saturated for long periods and are most likely fed by groundwater. It is more difficult to explain the dominance of some of the other soils and their associated BFI and CVB values shown in Fig. 3f . For example, Oakleaf (Cambisols) and Hutton (Ferralsols) soils are good examples of freely drained oxidized soils with no indication of saturation within the soil profile, yet Oakleaf and Hutton soils are linked with high BFI and low CVB values. It appears that infiltrated water did not return to the soil in these catchments (i.e., a bedrock flow path fed the stream directly). The observation depth for the soil descriptions was limited to 1.2 m (MacVicar et al., 1997) , and drainage to the stream might occur in deeper soil layers. The prominence of the Interf low soil (i.e., Longlands) in the valley bottom positions of the catchments with relatively low BFI and high CVB is indicative of lateral flows feeding the stream directly. Lateral drainage was therefore not restricted to the upper slopes. Although subsurface lateral flow in the soil might contribute to baseflow, especially in headwater catchments (Levy and Xu, 2012; Sophocleous, 2002) , several researchers have reported that lateral flows (interflow) can contribute to quick flow responses (Harr, 1977; Mosley, 1979; Retter et al., 2006; Roets et al., 2008 ). It appears that, in these catchments, sandy soils together with slow-permeability bedrock result in quick flow dominating baseflow through a rapid lateral flow response.
Conceptual Hydropedological Response Models
There are three distinct groundwater-surface water interaction mechanisms at play in the various catchments (Fig. 4) . In the first case (Fig. 4a) , vertical drainage is dominant on the TMU1, TMU2, and TMU3 positions, promoting recharge of the groundwater (Fig. 4a, 1 ). Lateral drainage occurs within the aquifer toward the stream (Fig. 4a, 2) , and return flow to the soil occurs in the TMU4 and TMU5 positions, resulting in saturation of the soil profile (Fig. 4a, 3 ). The stream is fed through the soil (Fig. 4a, 4 ) and the groundwater (Fig. 4a, 5 ). This conceptual model is similar to the Class 4 hillslope "recharge to wetland" as described by van Tol et al. p. 12 of 13 (2013). Catchments exhibiting this type of behavior are A4H008, B1H004, U2H006, U2H007, U2H013, and U7H007.
In the second case, recharge is also dominant on all landscape positions (Fig. 4b) . However, the presence of freely drained soils in the TMU5 position indicates that there is no significant return flow to the soil in the lower lying positions. This hydrological behavior is similar to the Class 3 hillslope "recharge to groundwater, not connected" as described by van Tol et al. (2013) , where groundwater contributes to streamflow without contact with the soil. Catchments B4H005, B7H004, B8H010, C8H005, and V6H004 are represented by this conceptual model. The third conceptual model is similar to the Class 6 hillslope "quick interflow" in the hillslope classification of van Tol et al. (2013) . Lateral flow at the soil-bedrock and A-B horizon interfaces dominates the hydrological response (Fig. 4c, 1 ). Small quantities of recharge might occur through cracks and fissures in the bedrock, but this is not the dominant behavior (Fig. 4c, 2 ). Streams are predominantly fed through lateral flows in the soils (Fig. 4c, 3 ). These lateral flows are event driven, with relatively short residence times resulting in relatively high levels of variation in flows. Groundwater does contribute to streamflow (Fig. 4c , 4) but in smaller quantities than in the first two models ( Fig. 4a  and 4b ). Most of the studied catchments in the south (Fig. 1c ) fall within this category (i.e., K2H002, K3H003, K3H005, K4H001, K4H002, K6H001, K8H001, and K8H002).
Conclusion
Understanding groundwater-surface water interactions is important for water resource management. In this study, hydropedological interpretation of regional soil information is significantly correlated to stream attributes associated with groundwater-surface water interactions in 21 catchments in different climatological and geological areas. The soil information and interpretation yield a general description of soil distribution patterns in the selected catchments that was limited in terms of observation depth. Yet, correlation coefficients obtained between BFI, DT, and CVB and hydrological soil types were encouragingly high. Hydropedological interpretation of regional, readily available soil can therefore contribute greatly to the understanding of the hydrological behavior of landscapes. It can also serve as a basis for the configuration of distribution models. The soils and their associated properties occurring in the valley bottom positions also assisted in explaining and in the conceptualization of groundwater-surface water interactions. The three conceptual models of groundwater-surface water interaction and hydrological behavior illustrated that dominant hydrological controls can be hydropedologically conceptualized and grouped even though catchments differ vastly in terms of location, area, climate, and hydrological response. Future work should focus on detailed hydropedological surveys within the catchments, with hydraulic and hydrometric measurements to quantify dominant hydropedological processes active in groundwater-surface water interactions. Hydrometric measurements will also aid in evaluating whether the morphology is in sync with the current soil water regimes. In addition, the hydropedological interpretation of regional soil data can also be incorporated into distributed hydrological modeling to evaluate the contribution of improved soil information to the accuracy of hydrologic simulations of stream and soil water regimes.
